The response to treadmill exercise of the left ventricle of natives of the region of Morococha, Peru (elevation 14,900 feet), and of natives of the region of Lima, Peru (elevation 500 feet), was studied at the elevation where they had always lived. In both groups the external work of the left ventricle was effected by a combination of a large increase in cardiac output and a mild increase in systemic blood pressure. Stroke volume and stroke work were only mildly elevated since the heart rate was concurrently greatly increased. As a result, the increase in work of the left ventricle was largely accomplished by an increase in heart rate and to a lesser extent by an increase in stroke work. For comparable amounts of external work, the left ventricle of the native to high altitude and performing at high altitude responded with considerably greater effort than did the left ventricle of the native of low altitude performing at sea level. Some of the data may have approximated the maximum effort of which the normal left ventricle was capable.
T HIS report is concerned primarily with attempts to measure the extent and adequacy of the response of the heart of man to the stress of chronic anoxia at high altitude. Although the native living at a high altitude undergoes considerable acclimatization by changes in his cardiovascular, respiratory, and hematologic systems," 2, 3 4 S the extent of adaptation by the heart in the resting condition and especially in the state of exercise has not been well defined or studied. Measurements of the effect of external work on dynamics of the heart have thus far been limited to determinations at sea level of cardiac output during heavy exercise6 7, 8, and of cardiac work during light exercise.'0' 11, 12, 13 In the present study comparisons were made of the response of the left ventricle of the native indigenous to high altitude and living at high altitude, with the response of the heart of the sea level dweller at sea level during exercise on a treadmill at equivalent and at an approximation to maximal levels of muscular work. Presented at the Fall Meeting of the American Physiological Society, AMadison, Wisconsin, Sept. 8, 1954 .
METHODS AND PROCEDURES
Twentv-six male volunteeis were studied either at M.roioocha, Pe'u (elevation 14,900 feet), or at Lima, Peru (elevation 500 feet). Of the 17 subjects studied at high altitude, 11 w'ere natives of the region of Morococha who had not lived for any length of time at a significantly lower elevation; all were apparently in good health, and were, for the most part, engaged in mining activities. The remaining six subjects studied at the 14,900 foot altitude were noi'mally inhabitants of sea level who had been living at i\iorococla for only six to eight weeks. Of the nine subjects studied at Lima, Peru, seven were medical students and two w'ere sailors. The ages of the natives at high altitude varied from 19 to 38 years, the medical students from 22 to 28 years, and the sailors from 19 to 23 vears.
For control measurements the subjects stood on a motor driven treadmill. The thinwalled needle was inserted into the radial artery, and after being securelv taped to the wrist was connected by a three-way stopcock and a flexible coupling to the densitometer and to a strain gage for measurement of heart l'ate and mean radial CARDIAC RESPONSE AT HIGH ALTITUDE blood pressure. The subjects generally were given 2 ml. of heparin sodium (2000 units) intravenously to obviate clotting within the arterial needle. As an additional preventive measure, the needle was flushed with small quantities of saline between determinations of cardiac output. These procedures were effective and no difficulties were encountered with hematomas after removal of the needle. In some subjects a Douglas bag was connected to the mouthpiece for the measurement of expired gases and for the determination of total oxygen consumption. After control determinations were made of the hemoglobin, hematocrit, cardiac output, heart rate, systemic blood pressure, and oxygen consumption (2 to 3 minutes), the treadmill was started and the rate and duration of external work adjusted in an attempt to create a heavy cardiac work load. When the subject had been exercising at a constant rate of external work for a few minutes and was considered to be in a relatively steady state, determinations of the above parameters (except for the hemoglobin and hematocrit) were repeated. In two subjects in whom the initial rate of doing work was not exhausting, measurements were repeated at the same rate of treadmill exercise. In six other subjects measurements were repeated either at a considerably higher rate of external work on the treadmill and without interruption of it, or, after obtaining values believed to be the response of the heart to the maximum activity on the treadmill of which the subject was capable, the work load was abruptly decreased and observations were made at a lower level of cardiac activity. To attain the various levels of work by the heart, the subjects walked on the treadmill at rates varying from about 4 to 7 miles per hour; the duration of exercise varied from 3 to 10 minutes and the grade approximated either 11 calculations of cardiac output were done using calibration curves made with each individual's arterial blood. In the mountains, where the blood was unsaturated, calibration points (dilutions of dye and blood) were made and recorded with the densitometer without exposure to air to avoid changes in saturation.'6 Calculations of cardiac output, cardiac work, and stroke work were made as previously described,'7 18 except that the cardiac work and stroke work were not corrected for the prevailing left ventricular end-diastolic pressure, which was not measured. Table 1 contains the original and calculated data from the three groups of subjects. Group 1 (natives at the altitude) and group 2 (medical students at sea level) are considered together. The natives at the altitude had the smaller body surface area and body weight, the latter averaging about 10 Kg. less than the other group. In the natives the hemoglobin varied from 17.7 to 24.3 with an average of 20.2 Gm. per 100 cc. Their hematocrits averaged 59.7 with high and low values of 71.5 and 51. Although in this group most values for hematocrit and hemoglobin were quite high and suggested chronic mountain sickness, all subjects were asymptomatic. At sea level the hematocrit and hemoglobin values were within normal limits. At the altitude of 14,900 feet at Morococha, Peru, all natives were chronically hypoxic. At this altitude (barometric pressure approximately 430 mm. Hg) the partial pressure of inspired oxygen is about 80 mm. Hg and the alveolar oxygen tension approximately 50 mm. Hg with an arterial oxygen saturation ranging from 75 to 86 per cent and a mean of approximately 81.5 per cent.5 Despite this and because of his high hematocrit the mountain native generally has an elevated oxygen content of his blood.
RESULTS
The external work load of the high-altitude native on the treadmill averaged 589 Kg.M. per minute per square meter of body surface area with extremes of 490 and 749. These loads have been arbitrarily divided into two groups in table 1 to more clearly show the effect of varying external work load on cardiac response. In the medical students at sea level the work load considerably exceeded that in the mountain natives, ranging from 704 to 986 Kg.M per As might have been expected, considerable variation in hemnodynamic response from individual to individual was found. It is doubtful that the mathematical precision of statistical analysis would add much to the meaning of this data. However, fully realizing the limitations of the measurements, some trends were apparent which are of interest.
The average control heart rates for the two groups (altitude natives and sea level medical students, respectively) were the same at 83 per minute. In all subjects, except for one native in the mountains and one medical student at sea level, the increase of the heart rate was large during exercise. Increases in rate tended to be greatest with the greatest treadmill activity; the average values for the two groups were 161 and 163 per minute.
The This was also true of stroke volume index and stroke work index in sea level subjects and in the majority of the natives at high altitude.
Keeping in mind the individual variations in the response of the cardiac index to exercise, for a lesser treadmill work load, the average value for cardiac index in the high-altitude native was somewhat greater than that of the sea level subject (9.5 versus 8.1 liters per minute per square meter, respectively). It is of interest also that when the work levels of the high altitude natives are broken down into groups, at work levels ranging from 490 At rest the stroke volume index of the natives in Morococha was higher with an average value of 51 compared to 33 cc. per minute per square meter in the group of medical students at sea level. From a combination of the competing mechanisms of a large increase of heart rate and cardiac output, the stroke volume index was only moderately increased with exercise. In that portion of the group of natives who were performing at an external work level (650 to 749 Kg.M. per minute per square meter) only moderately below that of the medical students, the average stroke volume index was 80 cc. per minute per square meter; in the natives who worked at a considerably lower rate (490 to 580 Kg.M. per minute per square meter) the stroke volume index of 49 cc. per minute per square meter approximated that of the sea level exercising student.
At rest the natives of Morococha had a considerably greater stroke work index than the sea level medical students. During exercise, as the result of a mild augmentation of stroke volume and systemic blood pressure, these values were increased, average figures being 97.5 and 75 Gm.M. per minute per square meter with the greater value being in the native at the altitude. Again in the mountain native whose external work level more nearly approximated that of the medical student, the stroke work index averaged 135 Gm.M. per minute per square meter, while at the lesser work level this averaged 79 Gm.M. per minute per square meter or about the same as that of the medical student doing much more work.
Calculation of the arteriovenous oxygen difference at rest and during exercise has been made in those instances in which both cardiac output and oxygen consumption were measured. Such values are obviously only an approximation since data for cardiac output and oxygen consumption are based on quite different time intervals. However, they should represent trends. COMMEN TS The data suggest that the subject who is native to an altitude of 15,000 feet has a greater cardiac output, cardiac index, cardiac work index, stroke volume, and stroke work index in the standing position than does the sea-level medical student studied at sea level. During treadmill exercise, the external work obtained by the left ventricle was effected by a combination of a large increase in cardiac output and a mild increase in systemic blood pressure. Stroke volume and stroke work index were only mildly elevated since the heart rate was concurrently greatly increased to approximately 180. As a result, the increase in minute work of the left ventricle was largely accomplished by an increase in heart rate and to a lesser extent by an increase in work response with each systole.
The average level reached during exercise for heart rate and blood pressure was approximately the same, but the average values for cardiac index, cardiac work index, stroke volume index, stroke volume, and stroke work index were all higher in the natives at high altitudes than in the medical students at sea level. Since in the students at sea level the rate of performance of external work was considerably greater than in the other group (810 versus 589 Kg.M. per minute per square meter) and since the oxygen consumption during treadmill work was not greatly different in the two groups, the data suggest that for comparable amounts of external work the heart of the native at the altitude responds with a greater effort than the heart of the native sea level dweller at sea level.
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